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' There has been considerable interest in quantifying
' secondary ion mass spectrometry (SIMS) rasults. Techniques
utilizing theoretical and ;cmi-th.orotiqii‘pbdgls of secondary
ion emission have been prcpdsod foi‘thisréufbo;o, but typically
yield only "order of magnitude” results (1-3). Empirical
calibiation methods employing external or internal standards
have also beén shown to give excellent results‘(4,5). However,
the required SIMS standards are difficult to obtain since thiy
must be homogeneous on the microscale and nust closely approx-
imate the chemical composition of the material to be analyzed.
Recently, the technique of ion implantation has been
adopted to fabricate s;ms standgr&s (6); Ion implants are well
understood, and by utilizing the known implanted dosage, accurate
conversion of secondary ion intonsity to concentration can be
achieved (7). Moreover, these ion implant standards can be
tailor—madc'fq: a particular analysis roquiéihnnt. solid state
standard addition, the use of ion implantation to perform a
conventional standard addition analysis t3 a solid sample,
has been used to determine bulk dopant conecehtration in steel
and semiconductor samples with good results (8). One handicap
of this approach is that the residual concentration to be
measured must be relatively high. Most realistic &op;nt con-
centrations in semiconductor materials are ,too low for the

\
direct use of this standard addition app:oaeh.
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In order to improve thc smitiv:lty of this technique,’
we have investigated the use of computerized signal intes .
gration to increase the signal-to-noise ratio. This techaique
utilizes the known Poisson statistiés of the ion counting ' -
circuitry. For this case, the noise associated with a par-
ticular number of counts, n, is equal to the square root of n.
Therefore, the signal-to-noise ratio can be improved by a .
factor of 10 by increasing the number of counts by 100 times.
This has been experimentally demonstrated in the field &F
vidicon spectrometry (9). A computarized integration method
was adopted by our laboratory for the analysis of gelatin
standards for quantitative SIMS analysis of biological tissues
and was found to give improved detection limits (10).

In this study, the method of solid state standard addition
combined with computerized signal integration is applied to
the quantitative analysis of a silicon wafer doped with a

very low concentration of boron (approximately 10!'% atoms/cm?).

~ Because of the existence of systematic errors in ion counting,

there is deviation from the linear signal-to-noise versus

- square root of time improvement. The experimental piocedures

are modified accordingly to obtain an optimal sigmal-to-noise

ratio. The method is found to yield an accuracy of 12% and

precisions of 17-25% depending upon measurement conditions: -
This boron comcentyation is ahﬁ_t an -order of sagnitude beiow
the detection limit found previously by the usual solid state

standard addition method.




Instrumentation: Ion implantation was performed using an
ACCELERATORS INC. 300R ion implanter (11l). The SIMS analysis

? w&s carried out using a CAMECA IMS-3f ion microscope equipped
with an electron multiplier for signal detection (12). The

instrument is interfaced to a Hewlett Packard 9845T micro- £
~ computer for control and data acquisition. The IMS-3f was ?
also interfaced with a Digital PDP~-11734 minicomputer for

data procossidq. A 5.5 kv o; primary beam was rastered over

a 250x250 um® area at a current density of 1.60mA/cm . The

sampled area was resticted to 150x150 um? and positive second-

e T Y T e WA e, £l

ary ions were monitored. All analyses were performed at 2x10 '

| torr.
Software: The integration routine used to acquire the residual
dopant signal repeatedly scans across a qivia'mass for an
operator-defined number of cycles, a cycle being one scan.
The time allotted to each cycio ia also under operator control.
. The data from each scan is added to a buffer containing the -
summation of all previocus scans until the specified number

e o o N T TR YO0 Yo 0 ot o sy e S P g PPy e

' of scans have been completed. At this time, the conténts of
the buffer are output. | |
Depth pro£111n§ of the ion implanted region was performéd ¢
using the standard software supplied by the sanufactures. e
depth profile data wem then transferred to thé POP-11/34K -
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for procesaing by a . peak integration program. This .
Program allows the operator to subtract out the backgrousd, ..
level of the unimplanted region from the implant, Signal 154
then outputs the integrated ion intensity of tho inplmt M
Procedure: A commercially available polishod boron dow.d |
silicon {100)wafer was used in this experiment. The boron

. T RIS e
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concentration in the wafer was determined by f.our po.i.nt ptobo
electrical measurement to be 2.6x10'® atoms/cm3. The wafer
was cut, cleaned ultrasonically with trichlorosthylene,
acetone, methanol, and deionized water and mounted on an
aluminum disc with conductive 'silwret paint. The umpia was |
then implanted with 1x10% *atoms/tm? of !B at 100kv. 'rhe iingle ?
crystal Si was tilted at an angle of 7 degrees to reduc. ’ |
implant channtelling. | o

After implantation, the sample was depth profiled for
11p. The dopth profile was terminated anq,stoxed,w\ the.
boron signal dropped to the constant residual level. !I}ho S u
sample was then sputtered fdr another 5 minutes thus removing
an- additional 200 nm ot uu:ul to mm complete removal
of implanted boron. At this point tha intcgtatj.on rout.tnc

! “

was run using an 1ntoqution time of 3 ueondt/cyclo. ) m
depth of the _oputtcrod crater was muuredby a 'fiyi'az‘*' on

Talystep stylus type surface protiler with.a ‘resolutisn’ oF ©
5-10 nanometers to enable conversion of the implaat flusnos
concentration. To determine the noise of the thetmm
the integration program was run with the exit t«lit e£ ;
spectrometer closed completely and the w.fusy 10u e

voltage turned off.




in centimeters (about 2 x 10 c:a. typinanw. an&“ K16 the
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To calcylate the concentration of the backg:eund boron
dopant, thé totsl resfdual ‘signal accumulated by e hte-
gration routiné was divided by the total tioié ‘of mt‘.‘g:‘ﬁtié’m

' The noise signal of thHe oleetron miltciplisr tohecomt T

,,-w.» »

per’ cycle) . was then subtracted from this value to give thc

residual sigml sr, in counts/uc. "

The following equation was used to calculate tho :esidunl
concontration s | | |

cx‘ s:‘ XTXPF -

Sl m
where c is the residual olemental concentration to ba dut-
ermmed in atcm-/cm ¢ s j.s tha residual isotopic siqnal in

cps as defined previonsly, T is the time of analysi: in sacondl,

F is the fluence of the implant (lxlo atoms/em ) ’ 1 1. m
integrated sum of the implanted ion intensity i ‘v i

(typically about 1 million ceunts). D48 tué a.pm ‘of the crater
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density and a 5 second acquisition time per analysis point
yieldéd a noise limited deterction limit for boron in sflicon

f o} of approximately 2x10®%atomiicm®, which is ]

| ﬁ the detection limit of B in Si published in literature (7).
With the present computerized integration approach, integra-
ting each analytical point for 600 seconds (200 cycles), a

- boron concentration of 2.3x10'%atoms/cm® was calculated with
a standard deviation of $4x10'" atoms/cm®?. This value agrees
within 12% with the electrical measurements and is an order

of magnitude below the detection limits using the conventional

technique. This increase coincides with the expected S/N
improvement using a 100-fold increase in counting time.
The degree of improvement in sensitivity possible with

the use of signal integration was evaluated by repeating the
experiment using increasing integration timaﬁ. Figure 3

gives the S/N ratio plotted as a function of the square root
of the integration times. As shown the S/N ratio begins to

J - level off beyond 300 seconds integration, instead of coa-

‘ tinuing along the straight line., The time of 600  seconds
.(200 cycles) was chosen in the analysis as this time gave the
best results within a reasonable analysis time. The leveling
off of the curve in Pigure 3 suggests that the maximum.
improvement to be gained uninQﬂtﬂil‘tiehaiéuc-1s-apptouiiit§wyw

an order of magnitude.




The signal-to-noise ratio becomes constant with an
L J

increasing number of cycles for two reasomns. For low-level
r signals, a long integration time tends to result in
. deterioration of the apparent signal, but the most significant
reason is that a systematic error derived from computer ion
counting is not accounted for. Owing to the logarithmic nature
of thé data display, any signal below 1 cps is counted as 1 cps.
However, it is not necessary to remove this systematic error

to obtain accurate results. Figure 3 shows that a constant

signal-to-noise ratio of about 1 is obtained for 200 scanned

TR

= cycles or more. Statistically, the signal is reliable because

] ﬁ ' it is twice the backéround noise (systematic and random).

Further comparison with the electrical value confirms the
accuracy of this methoéology. éince any signal with a lower
signal-to-noise ratio would be unreliable statistically, the
concentration measured in this experiment is.ccncluded to

be the detection limit of boron in silicon by the present

method. Further increases in sensitivity béyond that will
have to come from improved ionization efficiency, increased

collection of secondary ions by the mass spectrometer and

improved detectors. The technique of computerized signal @
integration however has shown its ability to improve the

| R

3 %f sensitivity of the solid state standard addition method to

| more realistic concentration levels. An analysis time of {
o \

several minutes instead of several seconds does not seem
unreasonably long to provide an order of magnitude higher .
sensitivity, One caution however, is that the sample to be

. analysed by this technique must be hanoqgnicus enough in

{g depth to sputter through several huhdrod nanometers of material

P

while integrating a reliable signal intensity.
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FIGURE CAPTIONS

Figure 1. Schematic of the experiment.
Figure 2. Depth profile of !B in silicon.

Figure 3. Signal to ndise ratio plotted against the square
root of the integration time.




IMPLANT,, POST .__ SIGNAL

~ " PROFILE"SPUTTER  SUMMED —
Mg | FOR
o , 50-300
& : , CYCLES
= ! |
o . !
< | '
z | :
= ; |
- | "
g2xloIs lL lTr )
s | | DETECTION
L ! | LIMIT FOR
S i | RESIDUAL
l | BORON IN
| | SAMPLE
| L i —

4




(y) Hid3a
00001 0006

L

(SdJ) TYNOIS

371404d

LNVIdNI
NOY¥OS8




'4“’:.5-‘4‘-;' g ¥
. et e+ et -~ o . - -

ol

RATIO

S/N

0.5 4

10

T,

int

g S—
20 - 30

172 (ggc!’/?)

\




L 4

SPL72-3/A

472 :GAI:‘HAI; ﬁdc
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

0ffice of Naval Resesarch
Attn: Code 472

800 North Quincy Strest :
Arlington, Virginia 22217

ONR Branch Office

Attn: Dr. George Sandos
$36 S. Clark Street
Chicago, Illinois 60605

ONR Area Office

Attn: Scientific Dept.

715 Broadway

New York, New York 10003 .

OMNR Vestern Regional Office °
1030 East Green Street
Pasadena, California 91106

OKR Eastern/Central Regionsl Office
Atta: Dr. L. RH. Peebles

Building 114, Section D

666 Summer Strest

Boston, Massachusectts 02210

Director, Naval Research Laboratory
Attn: Code 6100
Vashington, D.C. 20390
The Assistant Secretary
of the Navy (RELS)
Department of the Navy
Room 4E736, Pentagon
Washington, D.C. 20350

Coomander, Nsval Air Systems Command
Attn: Code 310C (H. Rosanvasser)
Department of the Navy

t.ashington, D.C. 20360

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Ssalfeld

Cheaistry Division, Coda 6100
Naval Research Laboratory
Vashington, b.C. 20378

pr. Rudolph J. Marcus

Office of Naval Research
Scientific Liaison Group - Amer. muy
A.’.o. m m' mO ””3

No.
Coples

12.

1
1

U.S. Army Resasrch Office
Attn: CRD-AA-IP

P.0. Box 1211

Resesrch Triangle Park, N.C.

Naval Ocean Systemss Center
Attn: Mr. Joe McCartney
San Diego, California 92132

Naval Weapons Center ’

Attn: Dr. A. B. mt‘:.
Cheaistry Division

China Lake, Californias 93538

Naval Civil Engineering Laborstory
Attn: Dr. R. W. Drisko
Port Hueneme, California 93401

Department of Physics & Chemistry
Naval Postgraduate School
Monterey, California 93940

Dre. A. L. SI.M.k’
Scientific Advisor
Commandant of the Marine Corps
(Code RD~1)
Washington, D.C. 20380
Office of Raval Research
Attn: Dr. Richard S. Miller
800 N. Quincy Street
Arlington, Virginia 22217

Naval Ship Resesarch and Developmesat
Center

Actn: Dr. G. Bosmajian, Applied
Cheaistry Division

Annapolis, Maryland 21401

Naval Ocean Systems Center

Attn: . 8, Yamamoto, Marine
Sciences Division

San Diego, California 91232

Mr. John Boyle
Materials Branch
Naval Ship Engineering Center

Philadelphia, Peansylvania 19!.12_ ‘

Nz, James Kalley
DIRSRDC Code 2003 = . .-
wul. Maryland 21102

27709

P

R

12 v oty

T




at
-

A

é
SP472-3/31

TECHNICAL REPORT DISTRIBUTION LIST, 031C

- 472:GAN:716:1ab ' |
78uk72-608 ~

No.

Cogics

Dr. M. B. Denton

Department of Cheuistry

University of Arizona

Tucson, Arizona 835721 1

Dr. R. A. Ostery66n;

-Department of Chemistry

State University of New York.
at Buffalo
Buffalo, New York 14214 1

Dr. B. R. Kowalski

" Department of Chemistry

University of Washingtom
Seattle, Washington 98105 . 1

Dr. §. P. Perone

Department of Chemistry

Purdue University :
Lafayette, Indiana 47907 1

Dr. D. L. Venezky

Naval Research Lsgboratory
Code 6130
Washington, D.C. 20375 1
Dr. B. Freiser

Departoent of Chemistry

University of Arizonas - I
Tuscon, Arizona 85721

Dr. Fred Saslfeld

Naval Research Laboratory
Code 6110
Washington, D.C. 20375 1
Dr. H. Chernoff ‘

Departument of Mathematics -
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 1

Dr. K. Wilson

Department of Chemistry

University of California, San Diego

La Jolla, California 1

Dr. A. Zirino
Naval Undersea Centesr
San Diego, Californis 92132 1

- Code 6100

Dr. John Duffin
United States Naval Postgraduste
School
Monterey, California 93940 1

Dr. G. M. Hieftle
Departoent of Chemistry : -
Indiana University j
Bloomington, Indiana 47401 1
Dr. Victor L. Rehn

Naval Weapons Center

Code 3813

China Lake, California 93553 ' 1

Dr. Christie G. Enke

Michigan State University

Department of Chemistry

East Lansing, Michigan 48824 1

Dr. Kent Ei{sentraut, MBT
Air Force Materials Laboratory
Wright-Pstterson AFB, Ohio 45433 1

Walter G. Cox, Code 3632

Naval Underwater Systems Center

Building 148

Newport, Rhode Island 02840 1

Professor Isiah M. Warner

Texas A8M University

Department of Chemistry

College Station, Texas #7840 7.°7/% 1

14853 . +
Professor J. Janata
Department of Bioenginearing
University of Utah
Salt Lake City, Utah 84112 . 1
Dr. Carl Reller
Naval Weapons Centet T
China Lake, California 93585 - - 1
Dr. L. Jarvis L T

aval Messarch Laboratory
Washington, D. €. 2037§







